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ABSTRACT The combined effects of hydrostatic pressure and osmotic pressure, generated by polyols, on the spin equilibrium
of fenchone-bound cytochrome P-450Cm were investigated. Hydrostatic pressure induces a high spin to low spin transition,
whereas polyols induce the reversed reaction. Of the four solutes used, glycerol, glucose, stachyose, and sucrose, only the last
two would act on the spin transition by osmotic stress. The spin volume changes measured by both techniques are different,
29 and -350 ml/mol for hydrostatic pressure and osmotic pressure, respectively. It suggests that even if the two are perturbing
water molecules, different properties are probed. From the volume change induced by osmotic stress, 19 water molecules are
deduced that would be implicated in the spin transition of the fenchone-bound protein. This result suggests that water molecules
other than the well defined ones located in the active site play a key role in modulating the spin equilibrium of cytochrome
P-450camR
INTRODUCTION
Cytochrome P-450am a soluble hemoprotein from Pseudo-
monas putida that catalyzes the hydroxylation of its physi-
ological substrate, camphor, with high regiospecificity (Gelb
et al., 1982). The three-dimensional x-ray structure has been
determined in both the substrate-free (Poulos et al., 1986) and
substrate-bound (Poulos et al., 1985, 1987) forms as well as
when bound with other ligands (Poulos and Howard, 1987;
Raag and Poulos, 1989). In the camphor-free form, the heme
pocket is occupied by a network of six water molecules, one
of which is coordinated to the heme iron as its sixth ligand.
When camphor binds, the water molecules are removed from
the active site, leading to a pentacoordinated heme iron. This
reaction, known as the spin transition between a substrate-
free low spin form and a substrate-bound high spin form
(Tsai et al., 1970; Sligar and Gunsalus, 1976), constitutes the
first step of the hydroxylation cycle ofcamphor (Unger et al.,
1986; Gunsalus et al., 1987).
The spin equilibrium displayed by cytochrome P-450cam is
extremely sensitive to physical chemical agents (Hui Bon
Hoa and Marden, 1982; Marden and Hui Bon Hoa, 1982;
Fisher et al., 1985; Fisher and Sligar, 1987). Among them,
hydrostatic pressure is probably the most versatile pertur-
bation used to investigate the binding step of the substrate
and the associated spin transition. When hydrostatic pressure
is applied to the camphor-bound form of the protein, the spin
equilibrium is shifted from high spin to low spin (Hui Bon
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Hoa et al., 1989; Di Primo et al., 1990). Up to 1500 bar, this
displacement is reversible as soon as pressure is released. In
this range, the protein is stable and stays native. Beyond 1500
bar, cytochrome P-450C converts into an inactive but
soluble form known as cytochrome P-420. In the 1-1500 bar
range ofpressure where the protein is native, the induced spin
transition can be quantitated by measuring the variation of
the spin equilibrium constant, Kspi.9 as a function of hydro-
static pressure. This will give the volume change of the spin
transition, AV,pPi, according to the equation aln KspinlP=
-AVspin/RT.
The effect of hydrostatic pressure on biomolecules is well
documented. This technique, used to investigate protein sta-
bility and ligand-protein interactions (Heremans, 1982; We-
ber and Drickamer, 1983), is also particularly suitable for the
analysis of protein-protein interactions. When submitted to
an increase in hydrostatic pressure, protein-protein com-
plexes generally dissociate because of the solvation of their
interacting surfaces (Kornblatt et al., 1988; Rodgers and Sli-
gar, 1991). Results obtained with monomeric proteins show
that structural perturbations induced by hydrostatic pressure
are also accompanied with changes in solvation (Kundrot
and Richards, 1988). In cytochrome P-450., these
hydration changes occur in an active site that is entirely bur-
ied in the protein with no direct access to the solvent
(Fisher et al., 1985; Hui Bon Hoa et al., 1992; Di Primo et
al., 1992a).
In the 1980s, a new approach was developed to investigate
the role ofwater molecules in biological reactions (Parsegian
et al., 1986; Rand and Parsegian, 1989). This approach,
known as the osmotic stress strategy, uses osmolytes, mainly
polyols, to decrease the activity of water. The generated os-
motic stress will affect any osmotically active water mol-
ecules that are implicated in the activity of the protein. By
measuring characteristic parameters of the reaction such as
equilibrium constants and/or kinetic constants as a function
of osmotic pressure, it is possible to determine the number
of water molecules associated to the protein that play a key
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role in the reaction. Numerous examples have demonstrated
the validity of this methodology as in the cytochrome c oxi-
dase reaction (Kornblatt and Hui Bon Hoa, 1990), the bind-
ing of oxygen to hemoglobin (Colombo et al., 1992), cyto-
chrome P-450. (Di Primo et al., 1992b), the interaction of
DNA with the restriction endonuclease EcoRI (Robinson and
Sligar, 1993), protein-protein complexes (Kornblatt et al.,
1993a), and the binding of glucose to hexokinase (Rand
et al., 1993).
If hydrostatic pressure, which shifts equilibria toward the
hydrated forms, and osmotic pressure, which has an opposite
effect, have been combined recently to analyze the role of
water in the dissociation of enolase, a dimeric enzyme (Korn-
blatt et al., 1993b) and in the specificity of EcoRI-DNA in-
teractions (Robinson and Sligar, 1994), no work has been
dedicated to compare in a two-state equilibrium process the
volume change for the reaction induced by hydrostatic pres-
sure with the volume change for the reversed reaction in-
duced by osmotic pressure. Based on the results mentioned
above, which show that hydrostatic pressure shifts the spin
equilibrium of cytochrome P-450O toward a more hydrated
active site (low spin form), and on preliminary observations
that indicate that polyols, on the contrary, influence the spin
equilibrium toward a less hydrated active site (high spin
form), experiments that combine both perturbations were
achieved first to determine whether the effect of polyols on
the spin transition are related to an osmotic stress and then
to compare the volume change that results from each
perturbation.
to calculate the content of high spin and low spin as a function of hydrostatic
pressure (Davydov et al., 1992). The spin volume change of the transition,
AVspm hyd is determined by fitting the variation of ln K,pi, as a function of
hydrostatic pressure to the equation:
nKin=n- AVspin hyd
aph RT (1)
where K pin = HSILS is the spin equilibrium constant that describes the
two-state equilibrium LS +-> HS and Ph is the hydrostatic pressure.
Four polyols were used to generate the osmotic pressure: glycerol (FW
92.09, Carlo Erba), stachyose (FW 738.64, Janssen), glucose, and sucrose
(FW 180.16, 342.30, respectively, Sigma). The values of osmotic pressure
were measured with a Roebling osmometer or were calculated from the
Handbook of Chemistry and Physics, 52nd Edition, 1971-1972 data as de-
scribed previously (Fullerton et al., 1992). The cosolvents were added
slowly to the fenchone-bound protein samples at 4°C to prevent inactivation
of cytochrome P-450,|,. At each osmotic pressure, a hydrostatic pressure
experiment was performed. This permitted us to determine the spin equi-
librium constant, K,pin = HS/LS, as a function of osmotic pressure, PO, and
the volume change of the spin transition induced by osmotic pressure, at
constant hydrostatic pressure, according to the equation:
(2)aInK,Pin RTVspinomdPo RT
RESULTS
The high spin to low spin transition induced by hydrostatic
pressure on fenchone-bound cytochrome P-450. in aque-
ous medium is presented in Fig. 1. At one bar the spectrum
is characteristic of a mixture of low spin and high spin forms
that absorb at 417 and 392 nm, respectively. The spectrum
at atmospheric pressure reflects a mixture of 75% high spin
MATERIALS AND METHODS 0.7
Cytochrome P-450C,, was generated and purified as described previously
(Gunsalus and Wagner, 1978). The substrate-free protein was obtained by
passage of one sample of pure concentrated protein through a Sephadex
G-25 column previously equilibrated at 4°C with the buffer used for the
experiments, 100 mM Tris-HCl (Sigma Chemical Co., St Louis, MO), pH
7, at 20°C.
To observe the effect of hydrostatic pressure and osmotic pressure, it was
crucial to find experimental conditions where the spin equilibrium is sen-
sitive to both parameters. The substrate-free form of cytochrome P-450C,,,,,
which has a fully hydrated active site (100% low spin), converts into cy-
tochrome P-420 as soon as pressure is applied (Hui Bon Hoa et al., 1989;
Di Primo et al., 1990). Camphor-bound cytochrome P-450. has a totally
dehydrated active site (100% high spin) (Poulos et al., 1986; Di Primo et
al., 1990). The transition toward a more hydrated form, induced by hydro-
static pressure, can be followed but, obviously, a transition toward a less
hydrated heme pocket, induced by cosolvents, could not be followed. For
the experiments, a structural analog of camphor, fenchone (Janssen Bio-
chimica, Berse, Belgium), was used. At saturating concentration of this
substrate, 1.3 mM, in the presence of 240 mM potassium, cytochrome
P-450C,,, displays a spin equilibrium between 25% low spin and 75% high
spin, and the protein stays native up to 1500 bar in aqueous medium (Di
Primo et al., 1992a).
The high spin to low spin transition induced by hydrostatic pressure was
measured by using a Cary 219 spectrophotometer interfaced with a high-
pressure bomb as described previously (Hui Bon Hoa et al., 1982). The
thermal regulation of the bomb, at 20°C, was provided by a commercial
thermostated circulating bath (Huber HS 40), allowing a temperature control
of ±0.5°C. The hydrostatic pressure was applied by 100- to 200-bar in-
crements. The data were collected and analyzed on a PC. Software was used
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FIGURE 1 Absorption spectra of fenchone-bound cytochrome P-450.,,
as a function of hydrostatic pressure. Experimental conditions are: cyto-
chrome P-450C, 8 ,uM, fenchone 1.3 mM, KCl 240 mM in Tris-HCl 100
mM pH 7 at 20°C. At 1 bar (-) the spectrum presents an absorption
maximum at 392 nm and shoulder at 417 nm, which are characteristic of
the high spin and low spin forms, respectively, with a clear isosbestic point
at 404 nm. This spectrum reflects a mixture of high spin (75%) and low spin
(25%). When hydrostatic pressure is applied, the spin equilibrium is shifted
toward low spin as seen in the decrease in the absorption at 392 nm and
the increase at 417 nm. (-- ) 250 bar, ( -) 500 bar, (- -) 750 bar,
(-- - -) 1250 bar.
2057Di Primo et al.
Volume 68 May 1995
and 25% low spin forms. When the hydrostatic pressure is
increased, cytochrome P-450. undergoes a spin transition
from high spin (392 nm) to low spin (417 nm) with a clear
isosbestic point at 404 nm. In aqueous medium, between 1
and 1500 bar the transition is reversible as soon as the pres-
sure is released.
The combined effects of hydrostatic pressure and con-
centration of sucrose on fenchone-bound cytochrome
P-450am is shown in Fig. 2. Similar curves were obtained
with glycerol, glucose, and stachyose (data not shown). As
hydrostatic pressure is increased, the spin equilibrium is
shifted toward the low spin forms, ln K. decreases, whereas
increasing concentrations of sucrose induce a low spin to
high spin transition as seen in the increase in ln Kspinat 1 bar
as well as at any other hydrostatic pressure value. The vol-
ume change of the transition, AVspin hyd' induced by hydro-
static pressure, at each concentration of polyol, was deduced
by fitting these curves to Eq. 1 in the significant pressure-
sensitive region of the spin transition, beyond 500 bar. For
each concentration of polyol, the corresponding osmotic
pressure was determined as described in Materials and Meth-
ods. AVspin hyd was then plotted as a function of osmotic pres-
sure as presented in Fig. 3. Within the experimental error,
the increase in osmotic pressure generated by glycerol, glu-
cose, stachyose, or sucrose does not significantly influence
AVspin hyd' the value of which is equal to 29 ± 3 ml/mol.
The effect of osmotic pressure on the spin equilibrium
constant, Kspin, at constant hydrostatic pressure is presented
in Fig. 4 for all of the polyols used, glycerol, glucose, stachy-
ose, and sucrose. The combined effect of osmotic pressure
and hydrostatic pressure is seen again in these plots. The
increase in ln Kpinas a function of osmotic pressure reflects
the low spin to high spin transition induced by the polyols.
At constant osmotic pressure, the decrease in ln Kspm as a
function of hydrostatic pressure reflects the hydrostatic-
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FIGURE 2 ln Kspi. as a function of hydrostatic pressure in increasing con-
centration of sucrose. (0) sucrose 0%, (0) sucrose 23%, (*) sucrose 30.5%,
(El) sucrose 39%, (X) sucrose 41%, (A) and sucrose 48%. The concentra-
tions of sucrose are given by weight. All of the experiments were done in
100 mM Tris-HCl, pH 7, at 20°C, 240 mM KCl, and 1.3 mM fenchone.
40
0-
0
E
E
v
.5
36 -
32 -
28 -
24 -
20
* * * * * * * I * X ffI . - .
0 20 40 60
Osmotic Pressure
. . 1
80
(bar)
100
FIGURE 3 A Vspi. hyd as a function of osmotic pressure. (X) glucose, (*)
sucrose, (X) stachyose, (6) 100 mM Tris-HCl, (0) and glycerol. AVspin hyd
was deduced by fitting to Eq. 1 curves similar to those presented in Fig. 2
in the significant pressure-sensitive region of the transition.
induced high spin to low spin transition. Between 1 and 30
bar, glycerol (Fig. 4 a) does not shift the spin equilibrium.
Only the points from 30 bar were taken into account to de-
termine the volume change of the spin transition induced by
osmotic pressure, AV osm This parameter was calculated
from the slopes of these lines according to Eq. 2. For glucose
(Fig. 4 b), and for similar reasons, only the points from 24
bar were considered. Stachyose (Fig. 4 c) and sucrose (Fig.
4 d) both induce a low spin to high spin transition in the
osmotic pressure range, where no effect was observed with
glycerol and glucose. AVspin osm deduced from these slopes
was then plotted as a function of hydrostatic pressure as
presented in Fig. 5. AVsp, osm increases, in absolute value,
with hydrostatic pressure. At constant hydrostatic pressure,
AVspin osm increases in absolute value going from a small
polyol to a larger one. Interestingly, sucrose (FW 342.30) and
stachyose (FW 738.64) behave similarly. This point will be
discussed in the next section.
DISCUSSION
The effect of hydrostatic pressure on the spin transition dis-
played by cytochrome P-450,.m well established (Hui Bon
Hoa and Marden, 1982; Di Primo et al., 1990). The transition
from high spin to low spin as a function of this perturbation
results in a hydration change of the active site of the protein
(Fisher et al., 1985; Hui Bon Hoa et al., 1992; Di Primo et
al., 1992a). On the contrary, polyols induce a transition from
low spin to high spin. Because these two perturbations have
opposite effects, an obvious goal was to quantitate and then
to compare their effects on the simplest reaction of the cata-
lytic cycle of cytochrome P-450., the spin transition. The
initial question to address was whether the effect of polyols
on this transition was related to an induced osmotic stress.
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FIGURE 4 In K.pi. as a function of osmotic pressure at increasing hydrostatic pressure. (a) Osmotic pressure generated by glycerol. (b) Osmotic pressure
generated by glucose. (c) Osmotic pressure generated by stachyose. (d) Osmotic pressure generated by sucrose. Hydrostatic pressure values: (0) 1 bar, (E)
250 bar, (O) 500 bar, (X) 750 bar, (+) 1000 bar, (A) 1250 bar, and (*) 1500 bar.
As seen in Fig. 4, two of the four polyols used to generate
the osmotic stress, stachyose (Fig. 4 c) and sucrose (Fig. 4
d), display a good linearity between In Kpinand osmotic pres-
sure. For glycerol (Fig. 4 a) and glucose (Fig. 4 b), the lin-
earity does not extend from 0 bar to the highest osmotic
stresses. These results suggest that only stachyose and su-
crose are good osmolytes. This conclusion is supported
by the spin volume change induced by osmotic pressure,
AV found with these two polyols, the values of which
spin osmX
are presented in Fig. 5. For sucrose and stachyose, AVspjn osm
does not depend on the size of the solute. A possible ex-
planation for why glycerol and glucose are not good os-
molytes is that these molecules access small spaces around
the protein. It was proposed that depending on the size of the
osmolyte, different size aqueous compartments could be de-
tected around the protein (Rand et al., 1993). Because with
stachyose and sucrose the linearity of In Kpj. versus osmotic
pressure extends from 0 to the highest stresses and the cor-
responding spin volume changes are equal, these larger
probes are probably totally excluded from the spaces seen by
glycerol and glucose.
To explain the absence of an osmotic pressure effect on
Vpin hyd (see Fig. 3), we should first consider that the applied
mechanical hydrostatic pressure is not influenced by any
means by medium conditions such as changes in osmotic
pressure. Then, as was shown previously (Hui Bon Hoa et al.,
1992), only the initial percentage of high spin would deter-
mine the value of the spin volume change obtained with
hydrostatic pressure, AVspin hyd. This parameter increases, in
absolute value, with increasing amounts of high spin forms.
Osmotic pressure influences the spin equilibrium. At the
highest stress, this equilibrium is shifted toward high spin by
15%. However, within the experimental sensitivity of our
hydrostatic pressure apparatus, this is too small a shift to
detect a change in AVspin hyd
On the contrary, thermodynamics predict that osmotic
pressure depends on hydrostatic pressure. Unfortunately, we
could only measure the osmotic pressures at atmospheric
pressure. The exact reason of the variations of AVpin osm as
a function of hydrostatic pressure (see Fig. 5) is not clear. Are
the osmotic pressure values at higher hydrostatic pressure
simply underestimated? This would be the case if the os-
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FIGURE 5 AVpi osm as a function of hydrostatic pressure. (*) Glycerol,
(0) glucose, (X) stachyose, and (O) sucrose. At each hydrostatic pressure,
AVpin osm was calculated according to Eq. 2 from the lines of the plots
presented in Fig. 4.
molality of the solution increases at higher hydrostatic pres-
sure, because of the contraction of the sample. Does the sol-
ute exclusion depend on hydrostatic pressure?
Recently, it was found that 400 bar of hydrostatic pressure
was required to counteract the effect of 100 bar of osmotic
pressure on the specificity ofEcoRI-DNA interactions (Rob-
inson and Sligar, 1994). In this work also, more hydrostatic
pressure is required to counteract the effect of osmotic pres-
sure. 900 bar of hydrostatic pressure in aqueous medium
shifts the spin equilibrium of cytochrome P-450. by 15%
toward low spin, whereas only 100 bar of osmotic pressure,
at 1 bar of hydrostatic pressure, shifts the spin equilibrium
of the same percentage toward high spin. This antagonistic
effect and the amount of each pressure required to shift the
spin equilibrium of an equivalent percentage are both re-
flected in the volume change. AVspm, and AVspin hyd have
opposite signs. AVspin hyd iS smaller, in absolute value, than
AVspin sm at atmospheric pressure: 29 and 350 ml/mol at at-
mospheric pressure, respectively.
Clearly, each perturbation is not probing the same process.
The volume change measured with hydrostatic pressure is a
complex parameter. However, it is generally admitted that
this parameter reflects the sum of at least two contributions
(Low and Somero, 1975): a conformational one that corre-
sponds to the physical volume change resulting from the
contraction of the system submitted to pressure, and a hy-
dration one as when groups are exposed to the solvent. Elec-
trostriction phenomena correspond to the exposure of
charged groups. The measured volume change results then
from density changes of water molecules within the system
(Stranks, 1974). In cytochrome P-450c., we have shown that
part of AVspi hyd is correlated to the initial hydration degree
of the heme pocket (Hui Bon Hoa et al., 1992). This indicates
that density changes of water molecules between the bulk
solvent and the heme pocket probably contribute to the meas-
ured AVspi, hyd. We still cannot determine the part due to this
process and the one attributed to the conformational change
that the protein undergoes, as suggested by fluorescence
studies of cytochrome P-450<,, under hydrostatic pressure
(Hui Bon Hoa et al., 1989).
The volume change measured with osmotic pressure
would rather reflect the protein-bound water molecules dis-
placed when the activity of water is decreased. The number
of these osmotically active water molecules can be estimated
from AVspin osm taking the molar partial volume ofwater as 18
ml/mol (Colombo et al., 1992; Kornblatt and Hui Bon Hoa,
1990, Rand et al., 1993). 19 water molecules, deduced from
AVspin osm at atmospheric pressure, for stachyose and sucrose
would be displaced during the low spin to high spin transition
of the fenchone-bound cytochrome P-450,.. In the
substrate-free protein, four water-binding sites are present in
the active site. Two were experimentally observed by x-ray
crystallography (Poulos et al., 1986, 1987) and predicted by
the molecular dynamics method (Wade, 1990). They corre-
spond to regions A (one water molecule) and B (six water
molecules). Two others were only predicted, regions C and
D (one water molecule each) (Wade, 1990). This would ac-
count for a total of nine water molecules. Only the six water
molecules from region B are displaced during the spin tran-
sition upon binding of camphor (Poulos et al., 1987). The
fenchone-bound x-ray structure is not available, but consid-
ering that this substrate analog does not induce a complete
spin transition to 100% high spin as camphor does, the water
occupancy of the active site is expected to be between nine
(substrate-free active site) and three (camphor-bound active
site) water molecules. However, this is less than the 19 water
molecules found by the osmotic stress strategy. Then part of
this number, or perhaps all, would concern other structural
water molecules than those located in the active site, whose
osmotically perturbed interactions with the protein are able
to influence the spin equilibrium. This would be consistent
with a recent work that revealed that the presence of water
in the active site, especially as the sixth ligand of the heme
iron, is not sufficient to explain the low spin resting state of
cytochrome P-450C. and that the protein itself plays a crucial
role in modulating the spin equilibrium (Harris and Loew,
1993).
In conclusion, we have shown that osmotic pressure and
hydrostatic pressure have antagonistic effects on the spin
equilibrium of cytochrome P-450cam' Two of the four polyols
used, stachyose and sucrose, would act on the spin transition
by osmotic stress. The volume changes measured by osmotic
pressure and hydrostatic pressure are different. This suggests
that two different water properties are probed. Hydrostatic
pressure probes differences in density, whereas osmotic pres-
sure probes a difference in the number of water molecules
associated with two protein conformations. 19 water mol-
ecules would be involved in the spin transition, suggesting
that water molecules other than the well defined ones located
in the active site play a key role in modulating the first step
of the hydroxylation cycle of camphor by cytochrome
P-450cam'
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